Abstract
Methods
We applied the integral projection methodology to develop a spatially explicit demographic model of tree species in mainland Spain, using individual-level data from a national forest inventory. In our integral projection model, environmental conditions and competitive interactions influence the survival, growth and reproduction of trees, and we model explicitly the dynamic colonization of new patches. With this framework, the projected distribution and abundance patterns of P. halepensis up to 2090 were evaluated under two different climate scenarios.
Important Findings
When environmental conditions were kept constant, populations tended to decrease in net number of adults and to increase in net basal area, thus consisting in fewer and bigger individuals. Accounting for climate change in our simulations exacerbated the trend in mortality, causing widespread losses in number of trees, and few locations maintained populations of >100 adult individuals per hectare. the expected increase in mortality under climate change, on the other hand, prompted a higher degree of regeneration via the release of niche space, although not enough to maintain current abundance levels. colonization spatial patterns did not vary significantly with climatic conditions, but the species was able to increase its distribution under climate change more than in a constant climate scenario. Our approach yields relevant information at different spatial scales, from plot-level processes to large-scale abundance patterns. With it, we clearly indicate the strong role that climate change could have in shaping future forest communities through its differential influence on demographic processes. 
INtRODUctION
The geographic distribution and abundance of species and their shaping by environmental factors is a central problem in ecology. The growing evidence of human-induced global change (IPCC 2013 ) is increasing the need for reliable predictions of species range shifts in changing environments. Several studies have shown that plant species are already responding to climate change by shifting their geographic ranges at different scales (e.g. Allen et al. 2010; Pfeifer-Meister et al. 2013 ).
An array of processes operating at different scales with different intensities gives rise to the realized niche of a species and its physical correspondence, the geographic distribution. Current theory summarizes these processes in three main types: environmental forcing, biotic interactions and dispersal constraints (Soberón and Townsend Peterson 2005) . Approaches for estimating the geographic distribution based on one or more of these sets of conditions range from correlative species distribution models (SDMs; also called bioclimatic envelope models or ecological niche models; Guisan and Zimmermann 2000) to mechanistic models that explicitly simulate the processes underlying species distribution at the level of individuals or populations (e.g. Cabral and Kreft 2012) . While SDMs have been extensively applied to infer large-scale distribution patterns of several taxa in novel environments or projected into the past or the future, results regarding their transferability are not conclusive (e.g. Heikkinen et al. 2012; Randin et al. 2006) and their correlative nature precludes the understanding of the processes that mediate the relationship between climate variables and geographic distribution. Process-based models, on the other hand, are usually harder to parameterize and, in many cases, require specific and fine-scale data (Dormann et al. 2012) . Hence, few examples exist of process-based models applied to a wide range of species and/or over a sufficiently large spatiotemporal extent (Buckley 2008; Cabral and Schurr 2010) .
Models of population dynamics estimate demographic parameters from which species' distribution and abundance arise, providing a consistent framework for studying species' range variation (Holt et al. 2005) . Population modelling methodologies have evolved steadily in the last decades, especially since the introduction of integral projection models (IPMs; Easterling et al. 2000) , which unlike traditional matrix population models (MPMs; Caswell 2001) , avoid the need to transform the state variable and the population parameters into discrete classes. The discretization of structured populations is an irresoluble problem within the MPM methodology when the species' stages are characterized by one or several continuous variables, as is the case for trees (Zuidema et al. 2010) . IPMs, by contrast, maintain the structure of the state variables by integrating a continuous kernel that represents all possible state transitions, and are conceptually equivalent to calculating a projection matrix with infinitely small discrete classes (Easterling et al. 2000) . Variation at all scales within the population is, then, explicitly considered, and this factor alone may significantly alter population growth estimations when compared to matrix models (Zuidema et al. 2010 and references therein) . When estimating distributional patterns, it is worth remembering that direct environmental effects on vital rates can be as important as long-term relationships between climate and habitat suitability (Brook et al. 2009) . With this in mind, a number of recent studies have successfully incorporated environmental and biotic factors into IPM simulations Ehrlén 2009, 2011; Jongejans et al. 2011) and have showed that variations in these factors have the potential to alter significantly the population growth rate. But it remains an open question to analyse the differential effect of climate variability and biotic interactions on each demographic process and the resulting population structures and distributional patterns.
In this study, we develop a spatially explicit IPM in which environmental factors and fine-scale competition shape key demographic processes of tree populations: sapling recruitment, sapling transition to the adult stage, and survival and growth of adult trees. The model is parameterized with data from individual trees sampled in two sequential and cospatial national forest inventories in Spain. Regional patterns of distribution and abundance emerge from local population dynamics and interactions between neighbouring populations, as we explicitly model the potential colonization of individuals to non-occupied stands using local abundances and environmental constraints as predictors. This dynamical approach to modelling colonization allows us to evaluate the role of environment in influencing large-scale spread rates. We used our model to project the dynamics of the most important tree species in peninsular Spain, and here we focus on the outcome for Pinus halepensis Mill., one of the most characteristic and abundant tree species of the Iberian Peninsula. We evaluate the parameterization of the vital rate functions for the species and its projected distribution and abundance under two climate scenarios. The drivers of these large-scale patterns are the dynamics of local demographic processes, which we also analyse for a subset of the territory. We show that environmental forcing and local interactions both shape local demographic processes and population structure, driving significant differences in large-scale patterns between simulations.
MAtERIALS AND MEtHODS

The model
The main IPM function describes the size (defined as diameter at breast height in centimetres, hereafter DBH) distribution of tree individuals in a given cell, by integrating a continuous kernel that represents all possible transitions from size x to size y. The kernel includes all main processes determining the population dynamics at each time step, i.e. survival, growth and recruitment. However, our formulation of the IPM differs from that proposed in Easterling et al. (2000) and a number of other works afterwards, in that the recruitment term is taken out of the integral. This is forced upon us due to the sampling procedure in the tree inventories, which do not allow recruitment to be determined as a function of size of parent tree. The reformulated IPM is then:
The number of individuals of size y at time t + Δ, n t + Δ (y), is given by the integration over all possible sizes of the integrand n x s x g x y t ( ) ( ) ( , ) × × , representing the number of trees from time t (term n t (x)) that survive (term s (x)) and grow (term g (x, y)), plus the recruitment term r (y), representing those stems that reach adult category (i.e. DBH ≥ 7.5 cm) from the sapling pool. A schematic depiction of the model is shown in Fig. 1 . The reader is referred to the work by Easterling et al. (2000) for general details about the IPM methodology. Also at every time step, a decade in our simulations, sapling numbers are calculated in each cell and for each species with a separate model (see section 'Sapling submodel'). We modelled adults and saplings separately following the categories of the forest inventories used (see section 'Tree data').
In all equations below, variables z i are the predictors at which functions are evaluated. The set of potential predictors considered for each demographic process is shown in Table 1 . We included the interaction between precipitation and the temperature trend following Vayreda et al. (2012) , who showed it to be significantly related to tree growth and mortality in mainland Spain. They concluded that the general negative effect of warming on tree growth was particularly high at sites with high mean precipitation, and the effect of warming on mortality also varied across different levels of precipitation. From this set of potential predictors, the most parsimonious model for each vital rate function was selected using a stepwise model selection procedure. The statistic used to select the final model was the Akaike information criteria (AIC; Johnson and Omland 2004) . Prior to running the full IPM model, we estimated the initial continuous tree size distribution of each species in each cell with a kernel smoothing of the discrete samples (Wand and Jones 1995) , as the main IPM function takes as input a continuous distribution of the state variable.
Survival kernel
The kernel s (x) characterizes the survival probability of adult trees of size x at each temporal step. We assumed (Easterling et al. 2000; Merow et al. 2014 ) that survival probability was given by a logistic function of the form:
The logistic function is a common choice among sigmoid functions to represent population survival/mortality. The logistic function is the inverse of the logit, which is the canonical link function in generalized linear binomial fits. Consequently, the coefficients a i were determined via a binomial generalized linear model (GLM) fitting procedure with a logit link function.
Growth kernel
The growth kernel g (x, y) is defined as the probability for adult trees of size x to grow to size y, conditioned on survival. To ensure that expected DBH increment was always strictly positive, as observed in the forest inventory samplings (see section 'Tree data'), we chose the growth kernel to be determined by a log-normal probability density function, instead of a Gaussian kernel. This represented a departure from the more common choice of a Gaussian function by most authors. Maximizing the log-normal likelihood, instead of log-transformating the response variable to then maximize the normal likelihood, yields better (unbiased) estimates of the parameters (Gustavsson et al. 2014) . Consequently, we assumed that the increment in diameter, Δ = y − x, followed a log-normal distribution (equation 3). A visual inspection of the residuals Δy confirmed the suitability of the log-normal model. 
The tree records used do not account for the age of the individuals; hence, to describe expected growth µ (x, y), we derived an age-independent growth function as follows: diameter increase is expressed by a simplified von Bertalanffy equation:
where x max is the species-dependent maximum diameter and b i are the parameters to be determined. Such a function characterizes an organism that grows at a rate which slowly decreases over time until it (asymptotically) reaches a plateau at x x t =¥ = max . An age-independent function to account for expected tree growth within a given time interval Δ could then be derived:
for y > x. A similar, though more complex, equation was obtained by Tomé et al. (2006) Following Easterling et al. (2000) , we also accounted for heterocedasticity in the residuals of the log-normal fit. A linear regression of log-transformed squared residuals was Starting from an initial population of saplings colonizing an empty cell, the population dynamics of saplings and adults are modelled separately, but are tightly connected: number of saplings influences the recruitment of adults and, conversely, adult basal area influences sapling recruitment at the next step. The small sun indicates environmental influence on the demographic processes.
carried out with the logarithm of x as the only predictor variable, such that we could write:
where u and v are the fitted parameters.
Adult recruitment kernel
New adult trees (DBH ≥ 7.5 cm) were incorporated every 10 years from the population of juvenile trees (i.e. saplings, 2.5 cm ≤ DBH < 7.5 cm). Hereafter, this process is also termed 'ingrowth'. By assuming that recruitment did not depend on tree size x, we took the recruitment term out of the integral, as in equation 1. We next assumed that the number and distribution of new adult trees could thus be described as follows:
In this equation, θ (y) is a probability density function that determines the distribution in size of new trees. Function π (y) in turn computes the expected number of newly incorporated trees. An inspection of the IFN2 and IFN3 Inventories suggested the choice of an exponential distribution for θ λ
To calculate the λ parameter for each species, we selected all new adult trees within the first 5-m radius of each tree plot. In this way, we made sure that all new adult trees were accounted for and that all of them were truly coming from sapling individuals. This in turn forced us to discard all trees with DBH ≥ 12.5 cm that showed up at larger plot radii, which could have corresponded to adult ingrowth from other size classes (see section 'Tree data'). The determination of λ had then to be carried out via a maximum-likelihood estimator for a truncated exponential distribution (Deemer and Votaw 1955) . For simplicity, the size distribution of new trees was made independent of external predictor variables. On the other hand, the expected number of new trees π (y) was computed with a Poisson generalized linear fitting procedure and an identity link (as suggested by a visual inspection of the scatter plots), which allowed us to implement:
where c i are the fitted parameters. A condition was later inserted in the software code to avoid π < 0 cases; in those cases we set π = 0.
Sapling submodel
The recruitment of new saplings (juvenile trees, see section 'Tree data') is treated differently based on the presence or not of adult trees in the target cell. If adult trees are present, saplings are assumed to come from local populations and the sapling submodel described in this subsection is applied. If adult trees are not present, the sapling submodel is not applicable. In that case, we turn to the colonization submodel (see next subsection) that deals with the situation in which saplings colonize previously empty cells.
We parameterized this sapling submodel considering IFN3 sapling numbers at those tree stands where IFN2 dataset adult trees were already present. In this way, we could reasonably assume that the existence of IFN3 saplings would be due to dispersal by local trees (i.e. trees from the same cell).
We selected those IFN2 plots where adult stems were present, and modelled the expected number of IFN3 saplings per plot via a Poisson GLM fitting procedure with identity link (as suggested by a visual inspection of the scatter plots). We ended up with a simple relationship:
where q stands for expected sapling number and the righthand side yields the number of IFN3 saplings as a linear function of predictor variables (with the d i parameters resulting from the Poisson GLM). We added as potential predictors the number of saplings in the previous time step and the basal area of the target species in the cell (Table 1) . A condition was also inserted in the software code to avoid q < 0 cases.
Colonization
Colonization of a cell is assumed to depend on the total basal area of the cell (summing up all species) and the basal area of the species under consideration in the von Neumann neighbourhood of the cell (i.e. its four closest adjacent cells). We hypothesize that a high basal area in a given cell will preclude the establishment of new species (Vayreda et al. 2013) , whereas a high basal area of the species in the surrounding cells will increase the probability of colonizing the target cell. We implemented this hypothesis by parameterizing a logistic regression of the recorded colonization events between IFN2 and IFN3. Specifically, we built two different models depending on whether the basal area of the target cell was zero. If so, the only predictor considered was the surrounding basal area of the target species. On the other hand, if basal area of the target cell was >0, total cell basal area and surrounding basal area of the target species were taken as predictors, and the final model was selected using an AIC stepwise variable selection procedure. We separated these two cases due to the unbalanced nature of the original data, where 76 869 out of 83 935 potentially colonizable cells had zero basal area in IFN2 and were not colonized in IFN3. At the same time, there were more colonized cells with zero basal area (557) than with basal area > 0 (531). In a preliminary analysis, a single logistic model showed a disproportionately high probability for cells with zero basal area of not being colonized, while failing to reproduce the trend that empty cells were more likely to be colonized than cells previously populated by other species.
We parameterized the GLM for three plant functional types (conifers, oaks, other deciduous) to ensure sufficient samples for all parameterizations. Only cells with an appropriate land use could be colonized (i.e. we excluded urban and agricultural areas, and assumed no change in these two categories up to 2090). When a target cell is colonized according to the logistic function, we populate it with a fixed number of saplings: the average number of new saplings observed in colonization events between the IFN2 and IFN3 inventories.
The colonization function itself simplifies all the processes that lead up to the successful establishment of a sapling in an unoccupied territory, and we assumed that these processes, from the seed release, transport, to its rooting and growth until the sapling stage, are consistent with the time step of one decade implemented in our model. An inspection of the IFN2 and IFN3 data shows that this is in fact the case for 1088 cells, in which at least one of the species modelled was completely absent in the IFN2 sampling and presented one or more saplings in the IFN3.
Study area
The study area comprises the continental territory of Spain, ~487 103 km 2 between 36°-47°N latitude and 9. 18°W-3.19°E longitude. According to Koppen's classification, most of the territory is characterized by Mediterranean climate, except the north and north-west areas close to the Atlantic Ocean, which enjoy an Oceanic climate. There is a climate gradient of continentality towards the centre of the Iberian Peninsula and steep topographic variations occur in both Mediterranean and Oceanic climate areas. The mean temperature and rainfall across the country, therefore, cover a wide range of values: from <5°C at high altitudes in mountain ranges to ca. 19°C in SW Spain, and from <250-mm precipitation in SE Spain to >2000 mm in NW Spain. Climate change is expected to increase mean annual temperature and alter both precipitation regimes and the recurrence of droughts and other extreme weather events (IPCC 2013) . Forests cover ~37% of the Spanish territory (MAGRAMA 2007). Vegetation types across both gradients include sclerophyllous, evergreen shrublands and forests, deciduous forests and coniferous forests (Peinado and Rivas-Martínez 1987) . Among forest types, coniferous forests are the most abundant (50% of the total forest area in our database, ~38 000 cells), followed by sclerophyllous (28%, ~21 000 cells) and deciduous forests (22%, ~17 000 cells). Many forest species are in Spain at the southern limit of their distribution (Castro et al. 2004; Jump et al. 2006) . For our abstraction of the territory, we partitioned the study area in a grid of 1 km × 1 km cells, a discretization consistent with the patterning of the IFN sampling campaigns (see section 'Tree data') and the climatic data.
Tree data
Size records of individual trees for the whole peninsular Spain were obtained from the second and third Spanish National Forest Inventories (hereafter referred to generally as IFN, with IFN2 and IFN3 being the second and third Inventories, respectively) (MAGRAMA 2006) . The series of inventories, carried out between 1986-96 (IFN2) and 1997 -2008 , aimed at sampling the whole forested area of Spain with a regular design of a square grid with approximately one sampling plot per 1-2 km, giving >90 000 plots. In each circular plot, trees were measured based on their distance to the centre of the plot in a nested design: within 5 m of the centre, all trees with DBH > 7.5 cm were measured and identified, along with their mean height and the number of saplings per species (defined as individuals of size 2.5 ≤ DBH < 7.5 cm). Between 5 and 10 m from the plot centre, only trees with DBH > 12.5 cm were measured, whereas between 10 and 15 m, trees bigger than 22.5 cm DBH, and between 15 and 25 m from the plot centre, only trees with DBH > 42.5 cm were considered. An important advantage of the IFN is its systematic nature, i.e. plots measured in IFN2 were resampled in IFN3, providing first-hand information on the vital trajectories of thousands of identified individuals. Newly forested plots, not included in the IFN2, were also added to the IFN3. A thorough description of the methodologies employed in the IFN Spanish inventories can be found in Bravo et al. (2002) .
In most of the territory sampling effort was homogeneous, with a sampling point per kilometre. However, some heavily forested areas (e.g. Grazalema, S Spain) were sampled every 500 m whereas other sparsely forested regions (e.g. dehesas) had plots every 2 km, due to their low tree density, time or monetary constraints. We checked for possible omissions in the IFN samplings by comparing the IFN3 plots with the 1:50 000 Forests Map of Spain (MFE hereafter; MAGRAMA 2007) . This map delimits forested areas in Spain based on digital-image photointerpretation and also served as base cartography to the IFN2/IFN3 samplings. We identified plots in the 1 × 1 km grid not sampled in the IFN3 but considered as forested areas by the MFE. For correcting such missing plots, we devised a heuristic method after a close inspection of the datasets: if any location of this subset had at least three adjacent plots sampled in the IFN3, we considered it to be a forested plot that should have been included in the IFN3, subsequently assigning to it the average number of trees and saplings from the adjacent plots. This procedure prevents false increases in distribution from local colonizations to cells where the species is, in fact, present. A total of 21 719 cells were assigned tree populations. Despite our corrections to the IFN3 data, there still existed a discrepancy in the order of 70 000 cells between the IFN and the Forest Map of Spain, so in the remainder of this study, our values for distribution and abundance of P. halepensis, starting from the IFN data, should be taken as conservative estimates.
We selected 12 tree species and 4 species aggregations for modelling, which together account for >90% of the individuals sampled in the inventories (online supplementary Appendix A), leaving out actively managed plantations (mainly of Eucaliptus sp.) and riverside species.
Climatic data
Climate data and projections available from the MONTES project (http://www.creaf.uab.es/montes/) for mainland Spain were used. As part of this long-term project, current climate maps (up to 2010) were generated by interpolating meteorological station data. Projections from the Spanish National Institute of Meteorology generated with the CGCM2 Global Climate Circulation Model were downscaled to 1-km resolution, the same resolution as the IFN datasets.
Variables considered were mean temperature and mean annual precipitation, in addition to the mean anomaly, or variation trend, of both variables. The latter were calculated as in Vayreda et al. (2012) : 
where all the quantities represent mean values, the reference period is 1961-90 and the study period, the time interval for which the projection is made. Absolute temperature anomalies ranged from 2.3 to 7.3°C, with an average increment of 5.0°C for the year 2090. The relative precipitation anomaly varied from −60% to +100% (average of −3%).
The climate values fed to the model in each time step of the climate change simulations corresponded to the averaged values for the previous decade, in order to account for the influence of climate during the previous 10 years, and not only the year corresponding to the time step.
Case study: distribution and dynamics of P. halepensis in mainland Spain
As a case report to demonstrate the workings and potentialities of the IPM model, we studied the projection of the spatial and temporal dynamics of P. halepensis Miller, the Aleppo pine, the most widely distributed pine of the Mediterranean Basin and a very successful species in dry Mediterranean areas. We projected the distribution and abundance of 12 species and 4 aggregations (online supplementary Appendix A), but an analysis of the dynamics of the other species was beyond the scope of this case study and will not be discussed here. Pinus halepensis is a highly drought-resistant monoecious pine, and very sensitive to winter frosts. It does not show preference for a given substrate, appearing equally in acid and basic soils. Its winged seeds are dispersed by wind and released from the cones mostly by fire (serotiny) or drought events (xeriscence) ). Short-distance dispersal estimations by Nathan and Ne'eman (2004) show a mean dispersal distance of 12.1 ± 0.1 m, and simulations from the same study with mechanistic models predict long-distance dispersal events to carry seeds over two orders of magnitude further, up to ~1 km. In Spain, the Aleppo pine is present in most of the Mediterranean basin, occupying areas with a wide range of precipitation and mean temperature, and growing up to ~1200 m.a.s.l.
We performed 90-year-long simulations for the whole territory under a control scenario with constant climate equal to that of the year 2000 and an A2 IPCC climate scenario, representing severe climate change. The distribution of adult trees, saplings and basal area was obtained from these simulations.
Our model, in addition to general patterns of distribution and abundance, can track the dynamics of each of the demographic processes for each cell and time step, and store the resulting size structure of the population in each cell. This information is particularly important in order to evaluate how local demographic processes drive large-scale changes in distribution patterns. Due to computational limitations, it was not feasible to record all this data for the 298 860 potential cells modelled in the whole study area. We therefore performed detailed simulations in a smaller set of 5084 cells (those included in the province of Barcelona), in which there is a strong longitudinal gradient in temperature and precipitation, similar to that found in the whole of the Iberian Peninsula, albeit at a smaller scale.
RESULtS
Vital rate functions
The coefficients of the different vital rate functions for the Aleppo pine are summarized in Table 1 (the coefficients for the rest of the species can be found in online supplementary Appendix B). Coefficients show a negative influence of nearly all the environmental factors in survival, growth, transition from sapling to adult (ingrowth) and sapling recruitment. The only exceptions are the positive influence of mean annual temperature on sapling recruitment, the interaction between mean precipitation and temperature anomaly for tree survival, and that of mean precipitation on tree growth. Cell basal area similarly negatively affects all demographic processes and is the only term included in every vital rate function. Current tree size, on the other hand, has a positive influence on tree survival and growth.
The behaviour of the different vital rate functions was assessed by applying the functions to the IFN2 data and comparing the outcome with the IFN3 observations. Figure 2 illustrates the agreement between the observations and the different vital rate functions for P. halepensis.
Distribution and abundance estimations of P. halepensis in mainland Spain
The expected distribution and abundance patterns of Aleppo pine in 2090 under the two climate scenarios are shown in Fig. 3 and summarized in Table 2 . Its geographic distribution, measured by the number of 1-km cells in which at least one adult individual is present, increases slightly in both climate scenarios (Table 2) , and the patterns of expansion are similar among them, with no apparent directionality in the migration from source cells (Fig. 3) . Decreases in abundance of adult trees per cell are observed in both scenarios, but the decline under climate change is much more pronounced (Table 2) . Under climate change, environmentally suitable areas maintain distinctly higher net abundance than the majority of the distribution area (e.g. Sierra de Cazorla, Segura y las Villas Natural Park in SE Spain or the southern slopes of the Pyrenees, Fig. 3 ). Mean basal area of the species and number of saplings per cell also vary significantly between climate scenarios (Table 2) .
Patterns of dominance in cells in which Aleppo pine are currently present show that it will continue to be the dominant species in a majority of cells (Fig. 4) . Even though environmental stress is bound to decimate most Aleppo pine populations, other tree species less adapted to harsh environments will likely suffer more, with the result that in the climate change scenario, the Aleppo pine actually increases the number of cells in which it is the dominant species. Lastly, we also performed a partial validation of our model. For it, we assumed as a null hypothesis that there was no change between the IFN2 and IFN3 data, thus setting IFN2 as a null model. Our alternative hypothesis was that the IPM model matched the IFN3 size distribution better than the IFN2 null model. We showed that our model performed significantly better than the null model for adult size distribution per plot and number of saplings per plot (online supplementary Appendix C). The number of colonized cells was in the same order of magnitude as in the empirical data, although the exact spatial patterns were not matched.
Zooming in on demographic dynamics and tree size distribution for a subset of the territory
The analyses of the demographic processes influencing geographic distribution and abundance allowed us a deeper understanding of the forest dynamics at the plot level. Limited to the province of Barcelona, we recorded the dynamics of the vital rate functions in both climate scenarios (Fig. 5) and obtained the size distribution per plot of P. halepensis in each decade (Fig. 6) .
In these projections, the mean number of adult trees decreases in both scenarios, and the climate change scenario shows a steeper decrease than the constant climate one. Mean basal area per plot increases to ~16 m 2 /ha in the climate change scenario, while it reaches values of >20 m 2 /ha in the constant climate one (Fig. 5) . This contrasts to the simulations for the whole territory, where a decrease of mean basal area per cell is seen in the climate change scenario. Environmental stress makes the number of adult deaths more variable and higher on average, and both sapling and adult recruitment have different trends in the constant climate and climate change scenarios.
Regarding the average size distribution of the Aleppo pine in these plots (Fig. 6) , there is a general tendency to have smaller populations composed of bigger individuals, especially in the climate change scenario, with an increasingly significant incorporation of young adults.
DIScUSSION
We developed a spatially explicit IPM for analysing the effect of climate change on the population dynamics of a Mediterranean tree species in continental Spain, and the resulting patterns of population structure, large-scale distribution and abundance. Following, we first analyse the overall design and assumptions of our approach and then discuss the results obtained in our simulations with P. halepensis.
A spatially explicit demographic model for the distribution and abundance of tree species
IPMs are highly suitable for modelling populations of longlived, slow-growth species like trees (Zuidema et al. 2010) . Our approximation extends the use of IPMs to the analysis of forest inventory data and explicitly takes into account the spatial dynamics of the species modelled in the sapling and adult life stages. An approximation like the one presented here, which takes into account abiotic constraints, biotic interactions and limitations to dispersal in a grid-based population dynamics model, is only possible with high-quality data like the Spanish IFN campaigns. In addition, while other studies have used the IFN data to forecast tree species distribution (Benito-Garzón et al. 2008 García-Valdés et al. 2013; Martínez et al. 2012; Montoya et al. 2009 ), our study is the first to analyse adult growth, mortality and recruitment together at a plot level, and to explicitly consider environmental and biotic forcing on all demographic processes. These analyses rely on the structure of the IFN campaigns, but they could be applied to data from any large-scale inventory with information on individual tree size for two or more sampling periods. The modularity of our framework also makes it easy to integrate other sources of information (e.g. degree of management, more detailed information on seedlings and saplings). A key innovation of our approach is the process for the establishment of a viable population in an empty cell, that we modelled in two steps: (i) the colonization process is mediated by the abundance of the species in the surrounding cells and the availability of space and light in the target cell, surrogated by the local basal area term and (ii) the growth from saplings to adults, influenced by the local environment of the cell and also by its basal area. Thus, the influence of environmental and biotic forcing in shaping large-scale spread patterns can also be analysed.
The model developed in this study was designed to capture general trends of the species' population dynamics, rather than producing a complex and highly parameterized model that could be more prone to over-fitting. Therefore, the vital rate functions that form the core of the model were kept as simple as possible both in the selection of variables and in their functional form. Although our choice of vital rate functions was supported by the empirical data and predicted values were fairly conservative (Fig. 2) , other options should be assessed in order to explore the uncertainty attributable to the functional forms chosen. Furthermore, other factors that influence distribution at different scales, and that may be considered as environmental constraints in the short-term, were not modelled. These include edaphic limitations to establishment (Bertrand et al. 2012) , human management, land use changes, the effect of fire episodes (which are a very important factor of disturbance in Mediterranean forests), pests or severe droughts. Also, only negative interactions in the form of competition for light and/or space are modelled, but other types of interactions (e.g. facilitation effects by nurse plants) are known to play important roles in the establishment of plant species in harsh environments (Brooker et al. 2008) . Our model does not include long-distance dispersal events (LDDs; Cain et al. 2000) . The intrinsically stochastic nature of LDD events (Clark et al. 2003) makes for relatively easy implementations of purely random estimates within spatial spread models, but more realistic schemes are often hard to parameterize because they need a profound knowledge of specific dispersal traits and vectors (Nathan et al. 2003) . The exclusion of LDD events from our colonization model logically results in conservative estimates of spread rates, since LDD events are a key factor in explaining range shifts under climate change (Cain et al. 2000) . It is also worth noting that the parameters for the vital rate functions are estimated with the samples of the whole study area, but it has been shown that other pine species in the Iberian Peninsula show high population-level variability in their response to climatic factors, which indicates a significant contribution of genetic diversity and phenotypic plasticity to population fitness (Benito-Garzón et al. 2011) . This hypothesis has only been tested on Pinus pinaster and Pinus sylvestris, however. We decided not to account for population-level parameterization for any species, because it would represent a higher source of variability in our results. Cell basal area (m 2 /ha) 7.5 ± 6.6 14.3 ± 9.3 4.0 ± 6.0 13.9 ± 9.4 3.7 ± 5.8
For each simulation, we present values for two sets of cells: (a) cells where Pinus halepensis is present according to the original IFN3 data and (b) cells in which P. halepensis is projected to be present in 2090. In all cases, we show the mean and the standard deviation.
The partial validation performed (online supplementary Appendix C) shows how our model predicted the IFN3 size distribution of P. halepensis significantly better than a null model. Sapling abundance was also well predicted, and the colonization model fared better than a random colonization model but failed to replicate the exact spatial patterns found in IFN3: the fine-grain processes that determine the successful establishment of an individual on a given cell are probably unfeasible to model accurately at the spatial scale used in our framework. The threshold in the logistic regression for selecting a cell as colonized was adjusted to make our colonization model conservative when compared to the number of IFN2-IFN3 colonization events (online supplementary Appendix C: Tables C3-C7). Model coefficients and AIC selection procedures mostly supported our initial hypothesis that the basal area of the target cell had a negative influence on colonization, and conversely for the basal area of the species in surrounding cells (online supplementary Appendix B: Tables B.5.1 and B.5.2). The only exception is the negative influence of the neighbouring basal area term in colonization of deciduous species when the basal area of the target cell is zero. We attribute this departure to the heterogeneous nature of the deciduous aggregation: it includes >50 species (online supplementary Appendix A) with potentially contrasting ecologies and colonization strategies (i.e. take Castanea sativa and Betula pendula), but without enough representativeness to be included individually. Further instances of the IFN are necessary to validate more thoroughly the vital rate functions and the colonization submodel, and at the same time, to analyse separately species with fewer individuals.
Patterns of distribution, abundance and population dynamics of P. halepensis
Our results illustrate the influence of climate change in the population dynamics of the Aleppo pine for the near future, but also its different role in shaping (i) spatial spread patterns and (ii) demographic processes.
Spread patterns in our scheme are directly dependent on the successful establishment of pioneering sapling populations. In our simulations, the colonization of new territories and the distribution of saplings appeared similar across simulations, but the number of colonized cells was higher in the climate change scenario, suggesting that previously unsuitable areas may become available due to changes in environmental conditions. Furthermore, sapling populations appeared less affected by climate change than adult ones, and the parameterization of our recruitment function even shows a positive influence of temperature on the projected number of saplings (Table 1) , which explains the increase in mean number of saplings per cell under climate change ( Table 2) . The relationship between environmental factors and tree growth in P. halepensis is assumed to be size dependent (De Luis et al. 2009) , and certainly more complex than the parameterization obtained here, but the tendency for early growth stages to thrive in arid conditions appears consistent with the ecological traits of the species .
Demographic processes were heavily influenced by environmental stress, resulting in strong differences between climate scenarios. In the constant climate run, most areas currently populated remained suitable as seen by the size of the populations depicted in Fig. 3 . In the climate change scenario, a few environmentally suitable areas naturally tended to harbour bigger populations, while most of the geographic range was composed of small, declining populations. Despite this widespread decrease in population size, the species tended to maintain a high degree of dominance in terms of basal area, hinting at similar or stronger decrease in populations from other tree species. In line with recent studies coupling habitat suitability models and demographic models (Anderson et al. 2009; Brook et al. 2009 ), we show that the mere evaluation of geographical range shifts fails to convey the decline in abundance expected for most of the species' range, and thus needs to be complemented with direct impacts on population viability.
The mechanistic modelling of demographic processes also allows a direct evaluation of the degree of climatic equilibrium of the Aleppo pine in the Spanish territory. The assumption of equilibrium with climate is a central assumption of correlative SDMs (Araújo and Pearson 2005) . The results of our constant climate scenario are consistent with previous studies that reported the Aleppo pine not to be in equilibrium with the current climate (García-Valdés et al. 2013) and with trends based on physiological models (Keenan et al. 2011) . These results cast doubts on the assumptions behind studies that used correlative models to estimate the future potential distribution of Aleppo pine and other species in the Spanish territory (e.g. Benito-Garzón et al. 2008) .
Large-scale analyses were complemented with more detailed simulations in a small area of the Spanish territory, in order to explore the dynamics of the local demographic processes driving large-scale patterns. For these simulations, in both scenarios, the mean number of adult trees decreases steadily up to 2090 (Fig. 5) , consistently with the results of the large-scale simulations. This is a direct consequence of the dynamics of mortality and recruitment: the number of deaths of adult trees exceeds the number of adults incorporated at each time step. In the constant climate scenario, both deaths and adult recruitment decrease, but cell mean basal area almost doubles on average. The size increment of surviving trees more than compensates the loss in basal area from dead trees. Under climate change, the trend in net population decrease is qualitatively similar, though exacerbated. On the other hand, patterns in mortality, ingrowth and sapling recruitment differ from the constant climate run.
We hypothesize that strong climate forcing drives, directly and in the first place, an increase in adult mortality (years 2000-25 of Fig. 5 ). While high adult mortality is maintained, sapling populations are able to eventually increase in net number because of their ability to survive in harsher conditions and the release of space and light prompted by the death of adult trees. Higher sapling populations under climate change are followed, in turn, by higher adult recruitment (ingrowth) than in the constant climate scenario, although the recruitment does not compensate the overall mortality of adult trees. Climate change shows, thus, two different effects on the P. halepensis populations studied: on the one hand, a strong direct negative effect on adult populations, and on the other hand, a following indirect positive effect on sapling and adult recruitment, mediated by the decrease in competition for light and space. Overall, our analysis of both fine and large-scale patterns revealed the influence of environmental forcing in P. halepensis vital rates. Among them, local mortality events are expected to increase significantly under climate change. This high mortality rate is the main trigger of changes in population structure that scale up to shape largescale patterns of distribution and abundance.
Mechanistic approaches like the one presented here, explicitly connecting process and pattern at different spatial scales, may help address several compelling questions. For example, variations in population structure arising from environmental change, such as the ones found in this study, can have potentially profound implications on the role of forests in the carbon cycle, e.g. by reducing the capacity to accumulate carbon due to high mortality rates (Vayreda et al. 2012) . Furthermore, population management strategies can be implemented based on the results obtained with our model at different scales, by acting directly or indirectly on the demographic processes studied here.
cONcLUSIONS
Patterns in species' distribution and abundance are the geographic manifestation of demographic processes, acting over different scales and with different intensities (Holt et al. 2005) . Therefore, a conceptually sound evaluation of potential range shifts should rely, when possible, on a systematic analysis of basic demographic processes, their interdependences and their responses to environmental change and biotic interactions. With tree individual data from two national inventories in Spain, we have shown that spatially explicit population dynamics models are much more informative than the standard estimates of species distribution provided by correlative models or patch occupancy models. Pinus halepensis is expected to increase its geographic distribution up to 2090, but to decrease in abundance in most areas of its distribution. Forests dominated by Aleppo pine will tend, therefore, to consist of fewer and bigger individuals. In our simulations, severe climate change exacerbates this overall trend, particularly via the increase in mortality of young, small adult trees. Our approach seamlessly integrates environmental forcing, biotic interactions and limitations to dispersal in a spatially explicit framework and captures the underlying size structure of the populations. This can help discriminate the demographic processes potentially more affected by climate change or density-dependent interactions, thus serving as a sound basis for studies of population management and conservation.
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